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Understanding how the spatial deployment of interventions affects elimination time horizons and potential for disease re-emergence has broad application to control programmes targeting human, animal and plant pathogens. We previously developed an epidemiological model that captures the main features of rabies spread and the impacts of vaccination based on detailed records of fox rabies in eastern Germany during the implementation of an oral rabies vaccination (ORV) programme. Here, we use simulations from this fitted model to determine the best vaccination strategy, in terms of spatial placement and timing of ORV efforts, for three epidemiological scenarios representative of current situations in Europe. We found that consecutive and comprehensive twice-yearly vaccinations across all regions rapidly controlled and eliminated rabies and that the autumn campaigns had the greater impact on increasing the probability of elimination. This appears to result from the need to maintain sufficient herd immunity in the face of large birth pulses, as autumn vaccinations reach susceptible juveniles and therefore a larger proportion of the population than spring vaccinations. Incomplete vaccination compromised time to elimination requiring the same or more vaccination effort to meet similar timelines. Our results have important practical implications that could inform policies for rabies containment and elimination in Europe and elsewhere.
This article is part of the theme issue 'Modelling infectious disease outbreaks in humans, animals and plants: epidemic forecasting and control'. This theme issue is linked with the earlier issue 'Modelling infectious disease outbreaks in humans, animals and plants: approaches and important themes'.
Introduction
Despite a considerable body of theory underpinning the principles for infectious disease control through mass vaccination [1] , there is little scientific guidance as to how long control programmes need to operate or are best implemented strategically to eliminate persistent foci of infection [2] . A challenge faced by disease control programme managers is estimating timelines for control and elimination and their resulting programmatic and budget implications. Scaling back control measures too early could lead to disease re-emergence as experienced during elimination programmes for rinderpest [3] and foot-and-mouth disease [4] . But, costs of continued control can be difficult to justify especially when new cases are no longer being reported [2, 5] . Until elimination is achieved, vaccination efforts, surveillance and mobilized public health and veterinary staff are required in both affected and neighbouring unaffected areas. Theoretical estimates of the time required to eliminate a pathogen are typically shorter than what is observed in practice [6] . Infectious diseases often persist for prolonged periods at low incidence [2, 7] , with at least & 2019 The Author(s) Published by the Royal Society. All rights reserved.
as much effort required to achieve elimination as needed to bring disease under control [8] . The epidemiological impact of practicalities, which may interrupt the schedule of control programmes or cause operational delays in implementation, is also not well understood. Realistic estimates of elimination time horizons and improved understanding of the impact of logistical constraints on progress to elimination should inform better policy and practice.
Vaccination works to interrupt the transmission of infection as contacts with vaccinated individuals, which do not result in infections, occur more frequently. Indirect protection of non-vaccinated individuals from infectious disease can occur when a sufficient proportion of the population is vaccinated to achieve 'herd immunity', often defined as the critical vaccination coverage, V c , above which incidence will decline [9] . The resulting herd immunity provided by vaccination is spatially and temporally dynamic as a result of demographic processes, including the birth of new susceptible individuals and deaths of both vaccinated and non-vaccinated individuals. This is especially true for wildlife populations which are often characterized by faster population turnover compared with humans and where seasonal birth pulses are frequently observed [10] . Influxes of new susceptible animals may support ongoing transmission by reducing levels of herd immunity [10] . It is therefore important to consider how demographic processes may affect vaccination strategies for wildlife. Moreover, once a disease has been eliminated from a given region, the movement of infected individuals between regions and the transmissibility of the pathogen determine the probability of re-emergence or 'rescue effects' [11, 12] . By seeding new epidemics and preventing localized extinctions, rescue effects prolong disease persistence [13, 14] . In the absence of vaccination, the proportion of susceptible individuals in the population may increase, leaving a region vulnerable to potentially large outbreaks if infection is reintroduced. Accounting for the connectivity of populations in the planning of vaccination strategies is therefore central to maintaining freedom from disease.
Oral rabies vaccination (ORV) of foxes has, in four decades, eliminated fox rabies from 16 countries in Europe [8, 15, 16] . However, fox rabies remains in large parts of eastern Europe and Russia. Since 1990, the European Union (EU) has co-financed ORV efforts to eliminate disease in EU member and border states and aims to maintain freedom from disease via a protective vaccination belt (cordon sanitaire). Determining the best vaccination strategies for different epidemiological situations therefore has immediate application to the fox rabies situation in Europe, including the design of cordons sanitaires to maintain rabies freedom, expansion of ORV efforts to bordering endemic states, and strategies to rapidly eliminate emerging disease in high-risk countries such as Greece and Turkey.
Using detailed records documenting the long-term ORV programme in eastern Germany and fox rabies incidence, we previously developed an epidemiological model that captures the main features of rabies spread, uncertainties in case detection and environmental fluctuations affecting fox demography, and the impacts of ORV [17] . Here, we apply this model, quantifying uncertainty in predicted disease incidence, to determine the best vaccination strategy, in terms of scale and duration of ORV efforts, under different epidemiological scenarios. We focus on three common scenarios found in Europe and elsewhere: endemic circulation of rabies; high-risk situations where rabies has been largely eliminated from some areas but remains in neighbouring areas; and an endgame scenario when only a single endemic focus remains. We evaluate the effectiveness of different vaccination strategies in terms of reductions in cases and increases in probability of elimination. We also identify how logistic constraints can set back time to elimination. Based on our findings, we generate recommendations on the time horizon and the placement and timing of vaccination campaigns required to achieve and maintain freedom from fox rabies.
Results
We simulated rabies cases from a hierarchical Bayesian statespace model fitted to monthly time series of fox rabies cases for five federal states (whose sizes ranged from 16 172 to 29 479 km 2 ), hereafter referred to as regions, in eastern Germany from 1982 until 2013 [17] . We explored three epidemiological scenarios: endemic, with rabies circulating in all five regions; high-risk, with rabies circulating endemically in three of the five regions; and endgame, with rabies only circulating in one of the five regions (figure 1).
For each scenario, we sought to determine: where vaccination campaigns should be strategically placed to maximize the probability of elimination (figure 1d); the time required to control rabies (reduce monthly incidence to 10% of endemic levels) and to eliminate rabies (infection eliminated in greater than 99.5% of runs); and the impact of incomplete vaccination (missing campaign sets) under the endemic scenario. We use the term 'vaccination campaign' to refer to a single vaccination event (i.e. vaccination in one region) and the term 'vaccination campaign set' to refer to vaccination conducted in all regions within a short period (one month).
In the endemic and high-risk scenarios, 21 and 19 campaigns, respectively, were required to achieve elimination across all regions ( figure 2a,b) , i.e. at least four consecutive campaign sets in endemic regions, whereas in the endgame scenario, only nine vaccination campaigns were required to eliminate the disease (figure 2c). We found that autumn vaccination campaigns, which are typically delivered in October, had the greater impact on the probability of elimination across all scenarios and were ranked highest across all epidemiological scenarios (figure 2). Early autumn campaigns (i.e. those that took place in the first 2 years) eliminated infection in 70% of runs in the endemic scenario (figure 2a), more than 80% of runs in the high-risk scenario (figure 2b) and 90% of runs in the endgame scenario (figure 2c). Autumn campaigns occur after the entry of juvenile foxes into the population (July) when the susceptible population is at its largest following the birth pulse in April ( figure 3 ). In the endemic scenario, effort spread across the five regions increased the probability of elimination and was ranked highly, with 6, 10, 15 and 21 campaigns marking when each region had received their first, second, third and fourth campaigns, respectively (figure 2a, left panel). Each region was vaccinated at least four times and only one vaccination campaign took place in the second spring, third overall campaign set ( figure 2a, right panel) .
In the high-risk and endgame scenarios, immediate implementation of vaccination campaigns in endemic regions and vaccination of neighbouring regions were crucial to royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180280 eliminate rabies across all five regions (figure 2b,c). More campaigns were required in the endemic regions and the most connected neighbouring regions (those bordering several other regions, and sharing a large proportion of their border with other regions) to eliminate rabies from all regions in these scenarios (figure 2b,c). In the high-risk scenario, four to five campaigns were required in the endemic regions and a minimum of two campaigns were required in the neighbouring rabies-free regions to eliminate rabies from all regions (figure 2b). In the endgame scenario, the endemic region was vaccinated four times and regions neighbouring the endemic region were vaccinated five times (figure 2c). Two campaigns were required in regions 2 and 3, which were the largest neighbouring regions with the longest shared borders. A single campaign was required in region 4 which was smaller in area and shared a shorter border with the endemic region.
To gain a greater understanding of the time required to eliminate a pathogen and the impact of logistical constraints on these timelines, we estimated the time required to control and eliminate rabies and the impact of missed campaign sets (simultaneous vaccination in all five regions) in the endemic scenario. Here, we found that more than twice as much effort was required to eliminate the disease than was required to control rabies (figure 3). Employing full vaccination (complete campaign sets) in the endemic scenario, it took 1 year and two vaccination campaign sets to control rabies, i.e. reduce monthly incidence to 10% of endemic levels ( figure 3 ). An additional three campaign sets over 2.5 years were required to eliminate rabies from across all five regions, that is rabies , where red shading corresponds to a rabies-endemic region and paler shading to a rabies-free region. (a) Endemic scenario: all regions have rabies, (b) high-risk scenario: rabies is absent from two regions but remains in the other three, and (c) endgame scenario: rabies has been eliminated from all regions but one. (d ) Illustration of the algorithm to decide the rank importance of campaign placement. Campaigns were sequentially placed based on the position (month and region) that resulted in the greatest increase in the probability of eliminating rabies across all five regions. The numbers 1 -3 in the grid cells represent when (month) and where (region) the first three campaigns were placed. The dark grey cells represent remaining slots where campaigns were allocated sequentially until rabies was eliminated or all 25 campaigns had been implemented.
royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180280 was eliminated 3.5 years after the introduction of ORV with a total of five campaign sets (figure 3). We estimated that the autumn campaigns led to the largest increases in the proportion of the population protected, to about 34 and 37%, respectively (autumn 1 and 2), whereas spring campaigns increased the proportion of the population protected by a further 12-13%, with peak coverage reaching 47 and 49% following the spring 2 and spring 3 campaign sets (figure 3). Following a single spring campaign (set 1), we estimated that the entry of susceptible juvenile foxes into the population reduces the proportion of the population protected by about 20% (set 1). Entry of juvenile foxes following two consecutive campaigns (autumn and spring: sets 2 and 3, and sets 4 and 5) led to an even greater reduction in the proportion of the population protected, of about 32-33%. The proportion of the population protected remained constant between birth pulses as both susceptible and vaccinated individuals are expected to experience the same levels of natural mortality (figure 3). Figure 2 . Probability of elimination and ranked importance of campaigns across epidemiological scenarios. Left panels show the probability of elimination from all five regions in response to incremental vaccination (mean, and shaded 95% CI). (a) In the endemic scenario, 21 campaigns were required to eliminate rabies from all regions. (b) In the high-risk scenario, 19 campaigns were required to eliminate rabies from all regions, with vaccination of the endemic regions ranked first, and vaccination after the birth pulse (months 56 and 68) contributing most to the probability of elimination. A minimum of two or three campaigns was required in neighbouring rabies-free regions. (c) In the endgame scenario, nine campaigns were required to eliminate rabies from all regions.
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To understand how practical constraints affect time to elimination, we explored the impact of different logistical scenarios: missing campaign sets (one set, two consecutive sets, two non-consecutive sets) on elimination timelines with and without additional campaign sets to compensate (figure 4). Missing a single campaign set delayed elimination by on average six months, but by up to 12 months, as long as one additional campaign set was also undertaken to compensate (figure 4a). Missing a spring campaign set (set 1, 3 or 5) resulted in shorter delays of one to two months compared with 12 -13 months when missing an autumn campaign set (set 2 or 4) (figure 4a). With the addition of two campaign sets (figure 4b), rabies elimination was achieved across all logistical scenarios apart from when both autumn campaign sets were missed (sets 2 and 4). When two campaign sets were missed, the delay to elimination ranged from six to 15 months, with two additional campaign sets required to ensure elimination. The longest delays (12-15 months) occurred mainly in logistical scenarios where two consecutive campaign sets (e.g. the second and third, or the third and fourth sets) were missed (figure 4b).
Discussion
We found that consecutive and coordinated vaccination across geographical regions is required to rapidly control and eliminate rabies. This confirms previous findings [8] and is in accordance with EU recommendations [18] , appearing to result from the need to maintain sufficient herd immunity in the face of seasonal birth pulses. Autumn vaccination campaigns had a greater impact on increasing the probability of elimination and reducing time to elimination across a range of epidemiological scenarios. We hypothesize that this is because vaccinations in autumn reach a larger proportion of the population than spring vaccinations, as they occur after susceptible juvenile foxes enter the population three months following the birth pulse [19] . While rabies can be rapidly controlled through vaccination, we found that more than twice as much effort was required for elimination. Autumn and consecutive campaign sets (simultaneous vaccination in all five regions) played a vital role in maintaining high levels of herd immunity. By contrast, incomplete vaccination (missing campaign sets) compromised time to elimination, with the same or more effort required to achieve elimination and meet similar timelines. It is, therefore, important that policymakers commit to the full elimination timeline and strive to maintain comprehensive coverage to eliminate persistent foci and prevent further costs.
Autumn vaccination campaigns occur after the entry of juvenile foxes into the population, three months after the birth pulse, at which point the fox population approximately doubles [20] . This large influx of susceptible individuals into the population leads to a sharp drop in herd immunity. This may explain why autumn campaigns were more critical to achieving elimination, as most foxes can be vaccinated at this time [21, 22] . The temporal profile of population immunity is affected by demographic processes. The birth pulse leads to a decline in herd immunity which then plateaus as both vaccinated and susceptible individuals are expected to have the same mortality rate. The importance of vaccination campaign timing is potentially applicable to other wildlife with seasonal birth pulses [10] . The timing and causes of seasonality can substantially impact herd immunity and should be considered in determining how and when control measures should be applied. Large birth pulses may necessitate biannual vaccination campaigns, as is the case for foxes, to maintain high levels of herd immunity. Optimal timing in Figure 3 . Ratio of incidence with vaccination and without vaccination in the endemic scenario and proportion of the population vaccinated. The blue line shows the mean ratio of incidence in the endemic scenario with and without vaccination and the 95% confidence intervals (blue-shaded envelope). The grey line shows, under vaccination, the mean proportion of the population with vaccine-induced immunity and the 95% confidence intervals (grey envelope). Vertical lines and red dots indicate the months when the incidence ratio dropped to 10% (control) and when rabies was eliminated in all regions in greater than 99.5% of simulations.
royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180280 relation to demographic processes should be explored, taking into account appropriate practical considerations. For fox rabies, timing of ORV campaigns was determined based on factors including immune competence [21, 22] , vaccine sensitivity to high temperatures [23] , levels of herd immunity and deployment costs [18] . Connectivity generally plays a key role in disease persistence [24, 25] and the size of host populations influences time to control [26] . Rabies-free regions that are contiguous with endemic areas are vulnerable to reintroduction. Incursions from neighbouring endemic areas pose a serious risk to rabies freedom and highlight the need for coordinated cross-border activities [18] as evidenced by incursions seen in Europe (France -Switzerland (1990), France -BelgiumGermany (1993), Italy -Slovenia -Austria (1993), GermanyPoland-Czech Republic (1995) and Italy -Slovenia (2008) [27 -30] and their successful control [27, 31, 32] ). Our results show that large and well-connected regions (i.e. with the longest borders with endemic regions) are often at highest risk, because they support larger susceptible populations and have a greater probability of incursions along their shared borders. In the high-risk and endgame scenarios, immediate vaccination of endemic regions increased the probability of elimination and was ranked most highly from simulations, followed by vaccination of the largest and most connected regions (i.e. those with the longest borders). We postulate that rapid control of endemic regions reduces rescue effects to neighbouring regions. Generally, coordinating strategies across borders is recommended for the early detection and control of incursions, as is directing surveillance efforts to areas bordering endemic regions [33, 34] .
Realistic predictions of the time to eliminate a pathogen and greater understanding of how logistical constraints set this back can help to manage expectations regarding the impacts of control measures and ensure that efforts are not ceased prematurely. Our analysis shows an exponential decline in incidence with a long tail of persistent infection before elimination is achieved ( figure 3 ). Many elimination programmes have found that, in practice, the final stage of elimination is the most challenging, with the same if not more effort required to eliminate the remaining foci of infection (rabies [8] , polio and smallpox [35, 36] ). Other modelling studies have also found long-lasting low-level persistence of rabies within vaccinated populations of both foxes and dogs [7, 37] . Our simulations are consistent with these results and show that while rabies can be rapidly controlled through vaccination, more than twice as much effort is required for elimination. Theoretical and empirical studies have shown that incomplete coverage can compromise success and extend time to elimination [8, 37] . Campaign sets may be missed for a variety of reasons, including financial constraints (e.g. in Kosovo [38] ), competing priorities (e.g. diversion of funds for dealing with other disease outbreaks [39] ), environmental catastrophes (e.g. earthquake in The Philippines [40] ), and difficulties in procuring or distributing vaccines (e.g. Tanzania [41] ). Missing consecutive and autumn campaign sets in the simulation led to lengthy setbacks in time to elimination even when additional compensatory campaign sets were conducted, likely because of their importance in building and maintaining herd immunity. Our results highlight that while rapid reductions in incidence are encouraging, policymakers should recognize that to achieve elimination requires considerable time and monetary investment during the endgame, when per capita case reductions are small.
Patterns of disease spread are influenced by variation in host densities, transmission processes and incubation periods royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180280 [42] , vaccination coverages [37, 43] and landscapes [44, 45] . Although undoubtedly important, there are often only limited data on these heterogeneities, especially for wildlife diseases. Our model makes several simplifying assumptions, for example using a monthly time-step to capture the generation interval, but in practice some longer generation intervals will occur [19] . Removal of the infected individuals at month 50 means that susceptible populations will be lower than in the absence of infection and will result in fewer incursions from endemic regions. However, we expect that this will only have a small impact on the dynamics, as in the absence of higher levels of infection the population should return to carrying capacity. Since our model was fitted to large-scale (regional) data, we expect that the effects of landscape and population heterogeneities will have been captured in so far as they influence large-scale dynamics. Studies have found that natural barriers impede rabies spread [44, [46] [47] [48] . But, we do not expect habitat heterogeneity to greatly influence rabies in eastern Germany, as this area is fairly homogeneous, with an absence of natural barriers (e.g. large rivers, mountains, lakes). However, incursions from neighbouring regions, incomplete vaccination campaigns and rare events not captured in our model, e.g. long incubators, could lead to shorter modelled estimates of time to elimination than observed in practice [8] . We do not consider the location of remaining foci within a region in our model, so all neighbouring regions are considered under threat even at low levels of incidence. Low probabilities of detection mean that remaining foci are often missed, leading to delayed responses to incursions or premature discontinuation of vaccination that could result in resurgence [33, 34, 49] . Our approach is suited to situations where there is a lack of spatially resolved surveillance data and a conservative vaccination strategy is warranted. However, to guide control programmes in a specific location, geographically tailored simulations would therefore be required, and finer-scale approaches may be necessary for examining spatially strategic responses to incursions, such as those modelled by Thulke et al. [50] . Extensions to our approach incorporating how surveillance effort and quality influence disease detection, and exploring the impact of heterogeneities in the size and connectivity of regions, could further improve vaccination planning.
Modelling can help managers plan effective vaccination strategies tailored to their epidemiological situation and generate realistic timelines for disease elimination by capturing disease dynamics and quantifying uncertainty in outcomes. Overall we recommend (i) prioritizing ORV campaign sets following the birth pulse, i.e. in autumn, if resources are limited; (ii) implementing consecutive vaccination campaign sets to build up and sustain high levels of herd immunity; (iii) ensuring that sufficient resources are in place to eliminate rabies, which requires considerable time and monetary investment beyond that required for control; (iv) immediate vaccination of endemic regions in high-risk and endgame scenarios to reduce rescue effects, followed by vaccination of the largest and most connected regions; and (v) contingency planning to ensure that ORV campaigns are planned to compensate sufficiently if, for any reason, campaign sets are missed. It is of the utmost importance that managers strive to consolidate available resources to ensure comprehensive coverage to eliminate remaining foci and prevent greater investment long term. Together our findings have practical implications that could guide policies for rabies containment and elimination from Europe and elsewhere. By comparing scenarios, we provide insights for managers to plan vaccination strategies, including short-and long-term budgeting, as well as to understand the impact of logistical constraints. , hereafter referred to as regions, from 1982 until 2013 [17] . The model was fitted to records of laboratory-confirmed rabies cases in foxes compiled from regular reports by the national veterinary authorities and summarized for each region on a monthly basis [8] . Specimens of suspect rabid foxes were submitted by veterinarians, hunters, wildlife managers and the general public [8] . From 1993, cross-sectional sampling was also conducted, whereby a proportion of foxes hunted were tested for rabies, providing a measure of rabies incidence in the population. The timing of ORV campaigns in each region was also compiled. Monthly incursions from outside the five regions were calculated from the Rabies Bulletin Europe (RBE) quarterly reports.
Methods
The model comprised a biological and an observation component. The biological component consisted of a discrete-time stochastic metapopulation model with three states, susceptible (S r,t ), infected (I r,t ) and vaccinated (V r,t ), to model the epidemiological status of foxes in region r and month t. A demographic process was used to track the numbers of susceptible and vaccinated foxes in each region at monthly time-steps. The starting susceptible population and carrying capacity for each region were extracted from the literature [20, 51, 52] . Births occurred in April of each year, with newborn foxes entering the susceptible population in July, coinciding with when they venture further from their den and are more likely to encounter a rabid fox. All susceptible and vaccinated foxes older than 1 year of age were considered reproductively active. This means that surviving newborns from the past year give birth the following April. We assume that infected individuals become infected and die within the same month. No exposed class was considered because the latent period of rabies infection lasts an average of three weeks and thus most individuals infected at month t become symptomatic the following month, t þ 1 [19] . Susceptible individuals S in region r in month t þ 1 were modelled as a function of juvenile foxes entering the susceptible population three months after birth j r,t , surviving individuals C r,t and those removed owing to vaccination, where v r,t is newly vaccinated individuals, or infection I r,t :
where the first term j r,t represents juvenile foxes entering the susceptible population three months after birth and comes from a binomial distribution:
where s is the survival probability and a r,t are the newborn foxes. The newborn foxes a r,t are regulated by annual fluctuations in the environment, e 1y [53] . applied to all susceptible S and vaccinated V individuals in the population. The birth rate switches on only in the birth month when t ¼ t 0 þ k 12 . Here t 0 refers to the birth month, k is the year and 12 is the number of months in a year. The 1 y is normally distributed with mean 0 and precision t. The precision of the environmental noise term t was given a gamma prior with mean 1000 and variance 5000, based on fluctuations in fox reproductive effort reported in the literature [53] . This allowed the litter size (or birth pulse) to vary between 0.9 and 1.1 of the mean litter size each year. The second term in equation (4.1) comes from a binomial distribution and represents the surviving susceptible individuals in region r and month t, C r,t Bin(s, S r,t ), ð4:4Þ
where s is the survival probability and is assumed to be fixed across time and regions. We modelled infections generated from within a region r I Ã r,t and incursions (migrating infected foxes) from outside a region P i=r r i l i,r I Ã i,t . The asterisk (*) denotes the infected individuals prior to movement. Incursions were expressed as a function of incidence in neighbouring regions I Ã i,t , the probability of infected animals leaving those regions r i , and the length of the border l i,r shared between focal r and neighbouring regions i
ð4:5Þ
Infected individuals leave the region with probability r r . The summation term represents incursions from other regions i as a function of rabies incidence in those regions I Ã i,t prior to movement, multiplied by the proportion of infected animals leaving those regions, r i , and moving to region r, based on the length of the border of region i that is shared with region r, l i,r . The probability of leaving a region was calculated as
where r max is the maximum leaving rate. Under a diffusive assumption for movement, the leaving rate is expected to decrease as the size of the region increases relative to its perimeter and the probability that any given infected animal moves outside of its region declines. To capture this effect, we scaled the leaving rate by dividing it by the area of the region ffiffiffiffiffi A i p , which is proportional to how far individuals are from the perimeter of the region.
New infections are generated within region r from a binomial distribution:
where the new infected individuals I r,tþ1 at time t þ 1 in region r are generated from the susceptible individuals S with a risk of transmission probability p r,t represented by
where I r,t is the number of infected individuals, h is a scaling parameter that captures how the risk of transmission probability increases with the number of infected individuals, and A r is the area of the region. Heterogeneous mixing of foxes at the population level is incorporated via a transmission function that asymptotes as the density of infected individuals in the region increases. Here hA r is the half-saturation point for p r,t , that is, the number of infected individuals that raise the transmission probability to 0.5. We assume that this number is only a function of the total area of the region, appropriately scaled by the constant h, which is estimated from the data. The addition of infected individuals in the denominator allows us to account for saturation effects that occur at high incidence, when infected individuals might produce fewer infections because they have fewer susceptibles to infect owing to disease-induced mortality or because local contacts might be made with already latent animals. Vaccination campaigns were incorporated in the month when they took place. The vaccinated individuals V r,tþ1 were modelled as
where v r,t represents the newly vaccinated individuals and X r,t represents surviving vaccinated individuals. Newly vaccinated individuals v r,t were modelled as v r,t B n S r,t S r,t þ V r,t , S r,t :
ð4:10Þ
To account for the depletion of baits by already vaccinated conspecifics, the rate of bait uptake by susceptible individuals is determined relative to their proportion in the population. Vaccination is switched on and off by an indicator variable that is 0 in all months apart from those when a vaccination campaign occurred, when it equals 1. In the simulation, we assumed a conservative uptake of n, with 30% of individuals consuming baits, based on estimates from field studies [54] . For the purposes of this study, we assumed 100% efficacy of the vaccines. Surviving vaccinated individuals X r,t were modelled as
where s is the survival probability.
Infected individuals I r,t were observed imperfectly with annual probability u:
ð4:12Þ
In the cross-sectional sampling regime, hunted foxes H r,t had a probability of being observed to be infected equal to the risk of transmission p r,t .
Hpos r,t Bin( p r,t , H r,t ), ð4:13Þ whereĤpos r,t is the number of positive cases out of the total foxes hunted H r,t . Details of the model fitting are provided in electronic supplementary material, appendix.
(b) Simulation
Using our estimates of the parameters described above, we simulated rabies cases for three epidemiological scenarios (figure 1):
1. Endemic: Rabies circulates endemically in all five regions. 2. High-risk: Two regions are rabies-free, but neighbour three endemic regions. 3. Endgame: Rabies eliminated from four regions but present in one region.
For all three scenarios, we seeded each region with 30 infectious cases. We chose 30 infected cases to ensure the disease became established in the population and also because by time 50 months, when vaccination began in these areas the number of monthly cases was similar to the number of cases estimated in individual regions at endemic levels, on average 700 cases per month (maximum 1120, minimum 260). The five regions had a starting population of 429 692 foxes. We ran simulations for 4.25 years (50 months) prior to introducing vaccination campaigns to allow the system to settle towards an endemic equilibrium. We used the time series from the initial simulations of the three scenarios in the absence of vaccination as a baseline from which to assess increases in the probability of elimination for different vaccination effort. In the high-risk scenario (2), cases were removed from regions 3 and 4 at month 50 to create royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180280 two rabies-free regions. In the endgame scenario (3), cases were removed from all regions at month 50 except for region 1. The results presented here are consistent with other high-risk and endgame scenarios we explored that included different regions. We restricted our analysis to vaccination strategies that were feasible within operational and financial constraints: with a maximum of two campaigns per year per region, in the spring (March) and autumn (October). To rank the relative contribution of campaigns to maximizing the probability of elimination, vaccination campaigns were sequentially placed in the five regions from a schedule of predetermined dates corresponding to each March and October over 2.5 years (referred to as spring 1: month 51, autumn 1: month 58, spring 2: month 63, autumn 2: month 70, spring 3: month 75) (figure 1d ). The rank of each campaign was determined based on the location and date (i.e. placement in one of the 25 grid cells, figure 1d ) that most increased the probability of elimination by the end of the simulation. Increases in the probability of elimination were assessed by comparing the probability of elimination resulting from the additional campaigns with those of the previous campaigns. The first campaign was compared with the probability of elimination in the absence of vaccination, which occurs because of natural fade out of the disease in approximately 2% of simulations. The best vaccination strategy was determined based on the timing and spatial arrangement of vaccination campaigns that eliminated rabies by month 201 (12.5 years after the start of vaccination) with least effort (fewest campaigns) for each scenario.
We looked at times to control and to elimination, defining time to control as the month when incidence across all regions was 10% of what monthly incidence would have been in that month in the absence of vaccination. We defined time to elimination as the month when the probability of elimination in all regions was greater than 99.5%. Here, we use the term 'vaccination campaign' to refer to a single vaccination event (i.e. vaccination in one region) and the term 'vaccination campaign set' to refer to vaccination conducted in all regions within a short period (one month). For the endemic scenario, we explored how missed vaccination campaign sets affect the time to elimination. Assuming the full vaccination programme, i.e. five complete campaign sets (25 campaigns) , that would ideally be carried out in practice, we explored the impact of missing one campaign set, two consecutive campaign sets, or two nonconsecutive campaign sets. The relative effect of each logistical constraint was estimated by measuring the delay in time to elimination and the number of additional campaign sets required to achieve elimination.
To account for uncertainty in the parameter fits from the hierarchical Bayesian state-space model, we took 200 random draws from the joint posterior distributions of the parameters estimated (electronic supplementary material, figure S1 ). We ran 10 simulations for each draw to give a total of 2000 iterations of the rabies time series for each vaccination campaign placement trialled. To obtain a set of reproducible simulations to compare different vaccination configurations and scenarios, we set the seed for each draw from the joint posterior distribution of the time series, with the 10 random seeds yielding the 2000 iterations (10 seeds Â 200 random draws from the joint posterior distribution).
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